This paper reviews the current understanding of neutrino mass and mixing parameters in the framework of three active neutrino species and experimental results which established neutrino oscillations. Future prospects are also discussed.
Introduction
In 1998, long sought neutrino oscillation was discovered by the Super-Kamiokande group in atmospheric neutrino observations. 1) Since then, neutrino oscillation has also been established in solar neutrino observations and long-baseline experiments utilizing reactor-and accelerator-produced neutrinos.
Neutrino oscillations imply finite neutrino mass as well as flavor mixing in the neutrino sector. In the Standard Model, neutrinos are massless because no right-handed neutrinos exist in the theory. Therefore, neutrino oscillation is the first evidence of physics beyond the Standard Model.
An unexpectedly large mixing observed in atmospheric neutrino oscillations indicated that the neutrino mixing matrix is quite different from the well-known quark mixing matrix. Comparison of the mass and mixing in the quark sector and those in the lepton sector would be an important clue to investigate physics beyond the Standard Model. Therefore, obtaining complete knowledge of neutrino mass and mixing is the goals of future neutrino physics.
From the cosmic microwave background (CMB) data alone, neutrino mass is constrained as [2] [3] [4] 
is obtained using the combination of CMB and other cosmological data. 2, 5) Therefore, the mass of the heaviest neutrino is less than 0.7 -2 eV. Compared with the masses of quarks and charged leptons, 6) 12 GeV, where m D is a typical quark or charged-lepton mass. Conversely, the tiny neutrino mass indicates the existence of a very high mass scale. This is called the seesaw mechanism. [7] [8] [9] Whether neutrinos are Dirac or Majorana particles is of fundamental importantance. If neutrinos are Majorana particles, ''leptogenesis,'' proposed by Fukugita and Yanagida, 10) is an attractive mechanism for the origin of baryon asymmetry in the universe.
In the following, we will first discuss in §2 the present knowledge of neutrino mass and mixing. In §3, we will briefly survey the history of neutrino oscillation experiments. Then, we will review experiments which established neutrino oscillations. Atmospheric neutrino experiments and accelerator long baseline neutrino oscillation experiments which measured Ám 2 32 and 23 are reviewed in §4, and solar neutrino experiments and the KamLAND reactor neutrino oscillation experiment which measured Ám 2 12 and 12 in §5. In §6, future prospects of neutrino experiments are discussed. Conclusions are given in §7.
Neutrino Mass and Mixing

Neutrino oscillation parameters
Within the framework of three active neutrino species, 11) the flavor eigen states ( ¼ 1; 2; 3) and the mass eigen states i (i ¼ 1; 2; 3) with eigen mass m i are related by the following equation. 
where U is a unitary 3 Â 3 mixing matrix. It is defined as a product of three rotation matrices: the parameters involved are three mixing angles 12 , 23 , and 13 , and a CP-violating phase : 
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where S ij and C ij stands for sin ij and cos ij , respectively. Historically, Maki, Nakagawa, and Sakata first formulated two-flavor neutrino oscillations in 1962. 12) Therefore, the mixing matrix U is called Maki-Nakagawa-Sakata or MNS matrix after them. Prior to them, Pontecorvo predicted neutrino-antineutrino oscillations in 1957. 13) Therefore, U is also called Maki-Nakagawa-Sakata-Pontecorvo or MNSP matrix.
If neutrinos are Majorana particles, there are additional two CP-violating phases called Majorana phases, but they have no effects on neutrino oscillations. The general expression for the probability of neutrino oscillation ! in vacuum at distance L is given by
where E is the neutrino energy. It is apparent that the neutrino mass enters into the neutrino oscillation probability as mass square differences, Ám 
In the analyses of neutrino oscillation experiments, the two-neutrino oscillation framework is often used. In vacuum, the neutrino oscillation probability P ð2Þ ð ! Þ for 6 ¼ is given by
Here, the units of Ám 2 , E, and L are eV 2 , GeV, and km, respectively. In fact, the atmospheric neutrino oscillation indicated that it is almost pure two-neutrino oscillation in vacuum, $ , P ð2Þ ð ! Þ ¼ sin 2 15) observed in a short baseline neutrino oscillation experiment, "
! " e . If confirmed, the corresponding Ám 2 should lie in the range of 0.1-10 eV 2 . This means that there are at least three independent values of Ám 2 , indicating the existence of at least four neutrino species. Since the number of light active neutrino species is constrained to three, 11) an additional one should be a sterile neutrino species. However, this LSND ''anomaly,'' has not been confirmed by the recent short baseline ! e oscillation experiment MiniBooNE. 16) If the oscillations of neutrinos and antineutrinos are the same, the MiniBooNE result excludes neutrino oscillations claimed by LSND at 98% CL (confidence level). Therefore, the three-neutrino framework now stands on a solider basis.
By convention, we define
With this definition, the largest component of 1 is e . For larger mass splitting, we define
Note that two-flavor $ oscillation is vacuum oscillation which is symmetric under the change of sign of Ám . In this case, neutrinoless double beta decay experiments will have sensitivities to explore the relevant mass region in near future.
In the framework of three-neutrino oscillation, to the extent that Ám 2 12 is neglected, the oscillation probabilities in vacuum can be approximately expressed with the two mixing angles, 23 
Note that eq. (12) has an identical form with the twoneutrino disappearance probability in vacuum, P ð2Þ ð " e ! " e Þ with a mixing angle 13 . From a short baseline reactor neutrino oscillation experiment, CHOOZ, 17) 13 is known to be small, sin 2 2 13 < 0:19. Then, eq. (11) reduces to the two-neutrino oscillation in vacuum. From eqs. (8) and (11),
Writing the survival probability of solar e in terms of the MSW effects with two-neutrino mixing as 
The best upper limit (95% CL) so far was obtained by the Mainz tritium beta decay experiment, 19) ffiffiffiffiffiffiffiffiffiffiffi ffi m The wide range of upper limit reflects uncertainties in the theoretical nuclear matrix elements. Although there is a claim of positive observation of neutrinoless double beta decay using 76 Ge, corresponding to hmi ¼ 0:1{ 0:9 eV, 21 ) the result has not been confirmed.
From the present knowledge of the neutrino oscillation parameters, the relation between the effective Majorana mass and the lightest neutrino mass can be evaluated for each possibility of the neutrino mass spectrum, as shown in Fig. 1 . If the neutrino mass spectrum is quasi-degenerate, ð0Þ will be observed with hmi ! 50 meV. If ð0Þ is observed with hmi $ 20 { 50 meV, the inverted mass hierarchy is the likely neutrino mass spectrum.
History of Neutrino Oscillation Experiments
Searches for neutrino oscillations have been made using a variety of neutrino sources; reactors, accelerators, atmospheric neutrinos and solar neutrinos. Before the discovery of atmospheric neutrino oscillations, accelerator and reactor neutrino oscillation experiments have been conducted with a baseline length of typically hundreds of meters and tens of meters, respectively. Using the present terminology, these were short baseline experiments.
The sensitivity of a neutrino oscillation experiment to Ám 2 is given by $E=L for vacuum oscillation. For short baseline reactor experiments, typical parameters are E ¼ 1{10 MeV, L ¼ 10 { 50 m, and therefore the sensitivity to Ám 2 is 10 À2 -1 eV 2 . This is compared with the sensitivity of short baseline accelerator experiments,
For atmospheric neutrinos, however, the baseline is as long as the Earth's diameter,
À10 eV 2 (note, however, that if matter effect is at work, it can significantly change the sensitivity to Ám 2 from that corresponding to the vacuum oscillation).
Soon after the initial result 23) of the chlorine solar neutrino experiment indicated significantly smaller flux than the theoretical predictions in 1968, Gribov and Pontecorvo pointed out the possibility of solar neutrino oscillation. 24) However, due to various astrophysical uncertainties it was not possible to unambiguously verify neutrino flavor conversions until 2001 (see §5).
Searches for neutrino oscillations using the data from reactor and accelerator neutrino experiments started around 1976. 25) Thereafter, extensive efforts have been made, but no evidence was found because the exlored Ám 2 range was not relevant. Though in a few cases oscillations were reported from reactor experiments, 26, 27) they were not confirmed. It was fortuitous that the value of Ám 2 32 was well-matched with the sensitivity of the atmospheric neutrino oscillation experiment and the mixing angle was almost maximal. Otherwise, it would not have been so obvious whether the atmospheric neutrino experiment could discover the neutrino oscillation first. It should be noted, however, that there were already hints for neutrino oscillations before SuperKamiokande's discovery. 1) Since 1988, Kamiokande Collaboration reported [28] [29] [30] that the observed =e ratio (the ratio of the muon events to electron events, both induced by atmospheric neutrinos) was significantly smaller than the theoretically expected =e ratio. More interesting results presented by the Kamiokande Collaboration was zenith-angle dependence of R = (observed =e)/(expected =e) for events having a visible energy > 1.33 GeV. 30) Kamiokande Collaboration suggested neutrino oscillations to explain these observations. [28] [29] [30] Some of the other atmospheric neutrino experiments 31, 32) supported Kamiokande's observation of R < 1, but other experiments 33, 34) reported R to be consistent with unity. The high statistics data from an order-ofmagnitude bigger detector, Super-Kamiokande, was needed to disentangle this controversy. 
Atmospheric neutrino results
The first evidence for the neutrino oscillation was presented by the Super-Kamiokande Collaboration in 1998.
1) The zenith-angle distributions of the -like events (mostly muon-neutrino initiated charged-current interactions) showed clear deficit compared to the no-oscillation expectation.
Super-Kamiokande is a 50-kton water Cherenkov detector located in the Mozumi mine in Gifu Prefecture, about 250 km west of Tokyo, at a depth of 2,700 m of water equivalent. The inside of the water tank is optically separated into the cylindrical inner detector and a 2. Neutrino events in Super-Kamiokande are classified into fully contained (FC) events and partially contained (PC) events. The FC events are required to have their vertex position inside the 22.5 kton fiducial volume, defined to be >2 m from the PMT wall of the inner detector, and to have no visible energy deposited in the anti-counter. The PC events are those events which have at least one prong that penetrates the inner detector. Obviously, the total visible energy can be measured for the FC events, but not for the PC events.
Neutrino events are also classified according to the number of Cherenkov rings. A Monte Carlo study shows that more than 90% of the FC single-ring events have leptons which remember the flavor of the parent neutrinos; the contribution from neutral-current (NC) reactions is less than 10%. For the FC multi-ring events, the contamination of NC interactions is significant ($30%).
FC events are subjected to particle identification of the final-state particles. On the other hand, all the PC events were assumed to be -like since the PC events comprise a 98% pure charged-current sample. The method adopted for the FC events identifies the particle types as e-like or -like based on the pattern of each Cherenkov ring. A ring produced by an e-like ðe AE ; Þ particle exhibits more diffuse pattern than that produced by a -like ð AE ; AE Þ particle, since an e-like particle produces an electromagnetic shower and low-energy electrons suffer considerable multiple Coulomb scattering in water.
For FC events, another classification of neutrino events is defined in terms of the visible energy, E vis . The sub-GeV events are defined as those events with E vis < 1:33 GeV and a lower momentum cut of 100 (200) MeV/c for e-like (-like) events. The multi-GeV events are defined as those events with E vis > 1:33 GeV.
The zenith-angle dependence of each category of events observed in SK-I is shown in Fig. 2 . Here, the FC sub-GeV events are separately shown in two parts (P 400 MeV/c and P > 400 MeV/c, where P denotes the lepton momentum). The box histograms show the Monte Carlo prediction for the hypothesis of no neutrino oscillations. One notices that the zenith-angle distributions of the FC -like events and PC events show a strong deviation from the Monte Carlo expectations. The zenith-angle distributions of the upwardgoing muons also show deviations from the Monte Carlo expectations. On the other hand, the zenith-angle distribution of the FC e-like events is consistent with the Monte Carlo expectation.
The observed zenith-angle dependence of atmospheric neutrino events suggests $ oscillations. A twoneutrino oscillation analysis with the hypothesis of $ was made with use of all categories of events shown in Fig. 2 as well as upward-going muon events.
35) The best fit was obtained at a slightly unphysical value of sin 2 Figure 3 shows the 68%, 90%, and 99% CL allowed regions in the ðsin 2 2; Ám 2 Þ plane. In Fig. 2 , the expectation for $ oscillations with the oscillation parameters corresponding to the 2 minimum in the physical region is shown by the solid lines.
Though the SK-I atmospheric neutrino observations gave compelling evidence for neutrino flavor conversion $ which is consistent with vacuum neutrino oscillations, 35 ) 
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other exotic explanations such as neutrino decay 36, 37) and quantum decoherence 38) cannot be completely ruled out from the zenith-angle distributions alone. The firm evidence for neutrino oscillation is to confirm characteristic sinusoidal behavior of the conversion probability as a function of neutrino energy E for a fixed distance L in the case of long baseline neutrino oscillation experiments, or as a function of L=E in the case of atmospheric neutrino experiments.
By selecting events with high L=E resolution, evidence for the dip in the L=E distribution was observed at the right place expected from the interpretation of the SK-I data in terms of $ oscillations 39) (see Fig. 4 ). This dip cannot be explained by alternative hypotheses of neutrino decay and neutrino decoherence, and they are excluded at more than 3 in comparison with the neutrino oscillation interpretation. At 90% CL, the constraints obtained from the L/E analysis are 1:9 Â 10 À3 < Ám 2 < 3:0 Â 10 À3 eV 2 and sin 2 2 > 0:90. These results are consistent with the SK-I final results of the combined zenith-angle analysis of fully-contained, partially-contained, and upward-going muon events (see Fig. 3 ).
When the Super-Kamiokande Collaboration announced the compelling evidence for atmospheric $ oscillations in 1998, 1) two other underground experiments, MACRO and Soudan 2, reported supporting evidence from respective atmospheric neutrino observations. The final results from these experiments also indicate $ oscillations consistent with the SK-I atmospheric neutrino results.
The Soudan 2 detector was a 963 ton fine-segmented irontracking calorimeter with a 770 ton fiducial volume, located at a depth of 2070 m of water equivalent underground of the Soudan Mine in Minnesota. The Soudan 2 group has analyzed the neutrino L=E distributions with the hypotheses of neutrino oscillations and no neutrino oscillations.
40) The probability of the no oscillation hypothesis is 5:8 Â 10 À4 , and the 90% CL allowed region in the ðsin 2 2; Ám 2 Þ plane, consistent with that from the SK-I atomospheric neutrino observations, is obtained.
MACRO was a large-area multipurpose underground detector located at the Gran Sasso Laboratory at an average overburden of 3700 m water equivalent. The active detector elements were limited streamer tube planes for tracking and liquid scintillation counters. As a neutrino detector, MACRO measured the angular distribution of the upward-going muon flux.
41 ) The oscillation analysis of the MACRO data 41, 42) supports $ oscillations with parameters Ám 2 ¼ 2:5 Â 10 À3 eV 2 and sin 2 2 $ 1. This result is also consistent with the SK-I allowed region.
Results from accelerator experiments
The Ám 2 ! 2 Â 10 À3 eV 2 region can be explored by accelerator-based long baseline experiments with typically E $ 1 GeV and L $ several hundred km. With a fixed baseline distance and narrower neutrino energy spectrum, the value of Ám 2 , and also with higher statistics, the mixing angle, are potentially better constrained in accelerator experiments than from atmospheric neutrino observations.
K2K
The K2K (KEK-to-Kamioka) long baseline neutrino oscillation experiment 43) is the first accelerator-based experiment with a neutrino path length extending hundreds of kilometers. A horn-focused wide-band muon neutrino beam having an average L=E $ 200 (L ¼ 250 km, hE i $ 1:3 GeV), was produced by 12-GeV protons from the KEK-PS and directed to the Super-Kamiokande detector. K2K aimed at confirmation of the neutrino oscillation in disappearance in the Ám 2 ! 2 Â 10 À3 eV 2 region with well understood flux and composition of the neutrino beam. For this purpose, the energy spectrum and profile of the neutrino beam were measured by a near neutrino detector system located 300 m downstream from the production target. À8:6 events without oscillation. The background coming from atmospheric neutrinos is negligible. There are 58 events in the 1-ring -like subset of the data. For these events, the neutrino energy can be reconstructed from the muon momentum and angle, assuming charged-current quasielestic kinematics. Figure 5 shows the reconstructed E distribution for these events. This distribution is compared with the expected spectrum at Super-Kamiokande for no neutrino oscillation. The measured energy spectrum shows distortion which is characteristic of neutrino oscillations.
A two-flavor neutrino oscillation analysis was performed using a maximum-likelihood method. The oscillation parameters ðsin 2 2; Ám 2 Þ are estimated by maximizing the product of the likelihood for the observed number of FC events and that for the shape of the reconstructed E spectrum. The best fit point lies in the unphysical region, ðsin 2 2; Ám 2 Þ = (1.2, 2:6 Â 10 À3 eV 2 ). The allowed Ám 2 region at sin 2 2 ¼ 1:0 is between 1.9 and 3:5 Â 10 À3 eV 2 at the 90% CL with the best-fit value of 2:8 Â 10 À3 eV 2 . This region is consistent with the allowed region from the SK-I atmospheric neutrino observations. The E distribution calculated with the best-fit parameters in the physical region is shown in Fig. 5 . The observed number of events and energy spectrum of neutrinos at Super-Kamiokande are consistent with muon neutrino oscillations. The probability that the observations are due to a statistical fluctuation instead of neutrino oscillation is estimated by computing the likelihood ratio of the no-oscillation case to the best fit point in the physical region. It is 0.0015% or 4:3.
MINOS
MINOS is a long baseline neutrino oscillation experiment with near and far detectors. Neutrinos are produced by using 120 GeV protons from the Fermilab Main Injector. The far detector is a 5.4 kton (total mass) iron-scintillator tracking calorimeter with toroidal magnetic field, located underground in the Soudan mine. The baseline distance is 735 km. The near detector is also an iron-scintillator tracking calorimeter with toroidal magnetic field, with a total mass of 0.98 kton. The neutrino beam is a horn-focused wide-band beam. Its energy spectrum can be varied by moving the target position relative to the first horn and changing the horn current.
MINOS started the neutrino-beam run in 2005. Initial results were published 44) using tha data taken between May 2005 and February 2006. During this period, a ''low-energy'' option was chosen for the spectrum of the neutrino beam so that the flux was maximized in the 1-3 GeV energy range. With 1:27 Â 10 20 protons on the production target, 215 events with reconstructed neutrino energy E < 30 GeV were observed in the far detector. This number is contrasted with an expectation of 336 AE 14 events for no neutrino oscillations. Figure 6 compares the reconstructed E spectrum at the far detector with the predicted spectrum with and without oscillations. Figure 7 shows the 68 and 90% CL allowed regions, compared with the 90% CL allowed 
Solar neutrino observations
Observation of solar neutrinos directly addresses the theory of stellar structure and evolution, which is the basis of the standard solar model (SSM). The Sun as a well-defined neutrino source also provides extremely important opportunities to investigate nontrivial neutrino properties such as nonzero mass and mixing, because of the wide range of matter density and the great distance from the Sun to the Earth.
The solar neutrinos are produced by some of the reactions in the pp chain or CNO cycle. There have been efforts to calculate solar neutrino fluxes from these reactions on the basis of SSM. A variety of input information is needed in the evolutionary calculations. The most elaborate SSM calculations have been developped by Bahcall and his collaborators, who define their SSM as the solar model which is constructed with the best available physics and input data. The currently preferred SSM is BS05(OP) developed by Bahcall and Serenelli. 45, 46) Its prediction for the fluxes from neutrino-producing reactions is given in Table I . The solarneutrino spectra calculated with this model 45) is shown in Fig. 8 .
So far, solar neutrinos have been observed by chlorine (Homestake) and gallium (SAGE, GALLEX, and GNO) radiochemical detectors and water Cherenkov detectors using light water (Kamiokande and Super-Kamiokande) and heavy water (SNO).
A pioneering solar neutrino experiment by Davis and collaborators at Homestake using 37 Cl started in the late 1960's. This experiment exploits electron neutrino absorption on chlorine nuclei followed by their decay through orbital electron capture, 37 Cl þ e ! 37 Ar þ e À (threshold 814 keV): ð19Þ
The 37 Ar atoms produced are radioactive, with a half life ( 1=2 ) of 34.8 days. After an exposure of the detector for two to three times 1=2 , the reaction products are chemically extracted and introduced into a low-background proportional counter, where they are counted for a sufficiently long period to determine the exponentially decaying signal and a constant background. Solar-model calculations predict that the dominant contribution in the chlorine experiment comes from 8 B neutrinos, but 7 Be, pep, 13 N, and 15 O neutrinos also contribute (for notations, refer to Table I) .
From the very beginning of the solar-neutrino observation, 23) it was recognized that the observed flux was significantly smaller than the SSM prediction, provided nothing happens to the electron neutrinos after they are created in the solar interior. This deficit has been called ''the solar-neutrino problem''.
Gallium experiments (GALLEX and GNO at Gran Sasso in Italy and SAGE at Baksan in Russia) utilize the reaction 71 Ga þ e ! 71 Ge þ e À (threshold 233 keV): ð20Þ
They are sensitive to the most abundant pp solar neutrinos. However, the solar-model calculations predict almost half of the capture rate in gallium is due to other solar neutrinos. GALLEX presented the first evidence of pp solar-neutrino observation in 1992. 47) The GALLEX Collaboration formally finished observations in early 1997. Since April, 1998, a newly defined collaboration, GNO (Gallium Neutrino Observatory) continued the observations until April 2003. The complete GNO results are published in ref. 48 . The GNO + GALLEX joint analysis results are also presented. 48 ) SAGE initially reported very low flux, 49) but later observed similar flux to that of GALLEX. The complete SAGE results are published in ref. 50 .
In 1987, the Kamiokande experiment succeeded in realtime solar neutrino observation, utilizing e scattering
in a large water-Cherenkov detector. These experiment take advantage of the directional correlation between the incoming neutrino and the recoil electron. This feature greatly helps the clear separation of the solar-neutrino signal from the background. The Kamiokande result gave the first direct evidence that the Sun emits neutrinos. 51) Later, the highstatistics Super-Kamiokande experiment 52) took over the Kamiokande experiment. Due to the high thresholds (7 MeV (21) is sensitive to all active neutrinos, x ¼ e, , and . However, the sensitivity to and is much smaller than the sensitivity to e , ð ; eÞ % 0:16 ð e eÞ.
In 1999, a new real time solar-neutrino experiment, SNO, in Canada started observation. This experiment uses 1000 tons of ultra-pure heavy water (D 2 O) contained in a spherical acrylic vessel, surrounded by an ultra-pure H 2 O shield. SNO measures 8 B solar neutrinos via the reactions
as well as e scattering, (21) . The charged-current (CC) reaction, (22) , is sensitive only to electron neutrinos, while the NC reaction, (23) , is sensitive to all active neutrinos.
The Q-value of the CC reaction is À1:4 MeV and the electron energy is strongly correlated with the neutrino energy. Thus, the CC reaction provides an accurate measure of the shape of the 8 B solar-neutrino spectrum. The contributions from the CC reaction and e scattering can be distinguished by using different cos distributions where is the angle of the electron momentum with respect to the direction from the Sun to the Earth. While the e scattering events have a strong forward peak, CC events have an approximate angular distribution of 1 À 1=3 cos .
The threshold of the NC reaction is 2.2 MeV. In the pure D 2 O, the signal of the NC reaction is neutron capture in deuterium, producing a 6.25-MeV -ray. In this case, the capture efficiency is low and the deposited energy is close to the detection threshold of 5 MeV. In order to enhance both the capture efficiency and the total -ray energy (8.6 MeV), 2 tons of NaCl were added to the heavy water in the second phase of the experiment. In addition, discrete 3 He neutron counters were installed and the NC measurement with them is made as the third phase of the SNO experiment. Figure 9 compares the predictions of the BP05(OP) SSM with the results of solar neutrino experiments. It is clearly seen from Fig. 9 that the results from all the solar-neutrino experiments, except the SNO's NC result, indicate significantly less flux than expected from the solar-model predictions. 45) 
Evidence for solar neutrino flavor conversion
The solar-neutrino problem had remained unsolved for more than 30 years. However, there have been remarkable developments in the past six years and now the solarneutrino problem has been finally solved. In 2001, the initial SNO CC result combined with the Super-Kamiokande's high-statistics e elastic scattering (ES) result 53) provided direct evidence for flavor conversion of solar neutrinos. 54) Later, SNO's NC measurements further strengthened this conclusion. 55, 56) From the recent salt phase measurement, 56) the fluxes measured with CC, ES, and NC events were obtained as 
where the first errors are statistical and the second errors are systematic. Equation (26) is a mixing-independent result and therefore tests solar models. It shows good agreement with the 8 B solar-neutrino flux predicted by the solar model. 45) Figure 10 shows the salt phase result of ð or Þ versus the flux of electron neutrinos ð e Þ with the 68, 95, and 99% joint probability contours. The flux of non-e active neutrinos, ð or Þ, can be deduced from these results. It is 
The non-zero ð or Þ is strong evidence for neutrino flavor conversion. A natural and most probable explanation of neutrino flavor conversion is neutrino oscillation. At this stage, the LMA (large mixing angle) solution of solar neutrino oscillation in matter 14) with Ám 2 $ 5 Â 10 À5 eV 2 and a large mixing angle was the most promising. However, with the SNO data alone, other solutions cannot be excluded even at the 68% CL.
KamLAND experiment
The solar neutrino problem has been finally solved by the KamLAND (Kamioka Liquid Scintillator Anti-Neutrino Detector) reactor neutrino oscillation experiment.
KamLAND is a 1-kton ultra-pure liquid scintillator detector located at the old Kamiokande's site in Japan. Although the ultimate goal of KamLAND is observation of 7 Be solar neutrinos with much lower energy threshold, the initial phase of the experiment is a long baseline (fluxweighted average distance of $180 km) neutrino oscillation experiment using " e 's emitted from power reactors. The reaction " e þ p ! e þ þ n is used to detect reactor " e 's and delayed coincidence with 2.2 MeV -ray from neutron capture on a proton is used to reduce the backgrounds. 59) In addition to the deficit of events, the observed positron spectrum showed the distortion expected from neutrino oscillation as can be seen in Fig. 11 . Here, the ratio of the observed " e spectrum to the expectation without oscillation is plotted as a function of L 0 =E with L 0 ¼ 180 km. It is a sort of average distance of nuclear reactors contributing to the " e flux detected in KamLAND, determined as if all anti-neutrinos detected in KamLAND were due to a single reactor at this distance. Figure 12 shows the allowed regions in the neutrino-oscillation parameter space. The best-fit point lies in the region called LMA I.
Global neutrino oscillation analysis
The SNO Collaboration updated 56) a global two-neutrino oscillation analysis of the solar-neutrino data including the SNO's complete salt phase data, and global solar + KamLAND 766 tonÁyr data.
59 . Measurement of absolute neutrino mass will be challenged by a new tritium beta-decay experiment KATRIN 61) with a sensitivity down to $0:2 eV. As noted in §1, giving an answer to the question of whether neutrinos are Majorana or Dirac particles is of fundamental importance. Detection of neutrinoless double beta decay is the only realistic means to show the Majorana nature of neutrinos. There are a number of proposed neutrinoless double beta decay experiments aiming at reaching sensitivities to the effective Majorana mass of 10 -50 meV. For these experiments, readers are referred to ref. 22 , and references therein. KamLAND data best-fit oscillation best-fit decay best-fit decoherence Fig. 11 . Ratio of the observed " e spectrum to the expectation without oscillation is plotted as a function of L 0 =E, where L 0 ¼ 180 km. The curves show the best-fit expectations for oscillation, neutrino decay, 36) and neutrino decoherence 38) models. This figure is taken from ref. 59 . 62) will have a chance to establish nonzero 13 . A new experiment under construction in Japan, T2K 63) (Phase-I), will have a better sensitivity, sin 2 2 13 < 0:008 (for the case of ¼ 0 or ; see the discussion below). T2K will use Super-Kamiokande as a far detector. An experiment proposed in US, NOA, 64) will have a similar sensitivity. Both T2K and NOA plan to use an ''off-axis'' beam. In this scheme, the axis of the beamline components is directed a few degrees away from the direction of the far detector. With this trick, a high-intensity, low-energy, narrow-band neutrino beam can be obtained. The peak of the neutrino energy spectrum can be adjusted by varying the off-axis angle. It will be adjusted close to the oscillation maximum in order to maximize the sensitivity to the oscillation measurement.
Short baseline reactor neutrino oscillation experiments also aim at the measurement of 13 . Double-CHOOZ 65) experiment in France will have a sensitivity of sin 2 2 13 < 0:06 with the far detector only, and < 0:03 when the near detector is completed. Daya Bay 66) experiment in China aims at a sensitivity of sin 2 2 13 < 0:01. In the accelerator neutrino oscillation experiments with conventional neutrino beams, 13 is measured using ! e appearance. With the same approximation used for eq. (11), the dominant term in the probability of ! e appearance is Pð ! e Þ ¼ sin 2 However, by examining the exact expression for the oscillation probability, it is understood that some of the neglected terms have rather large effects and the unknown CP-violating phase causes uncertainties in determining the value of 13 . Actually, from the measurement of ! e appearance, 13 is given as a function of for a given sign of Ám 2 32 . Therefore, a single experiment with a neutrino beam cannot determine the value of 13 though it is possible to establish non-zero 13 . On the other hand, since the disappearance probability does not depend on the CPviolating phase, reactor " e disappearance experiments allow to measure 13 with less ambiguities in contrast to accelerator ! e appearance experiments. 67) In order to determine the value of 13 in the accelerator neutrino oscillation experiments, simultaneous measurement of the CP-violating phase is necessary. This will be achieved by measuring the appearance probabilities of ! e and " ! " e . To measure CP violation in this way as well as to determine whether the mass hierarchy is normal or inverted one, a very high intensity neutrino beam and a Mton class detector will be required. A ''super-beam'' means a very high intensity, conventional neutrino beam line ( or " beam obtained from decays of horn-focused secondary pions). According to the T2K Phase II (T2K-II) plan, the beam power should be increased to 4 MW and a 1 Mton water Cherenkov detector called Hyper-Kamiokande should be constructed. T2K-II is an example of a super-beam experiment.
It should be noted there are famous degeneracies of parameters which give the same appearance probabilities.
There are three types of degeneracies. One is a two-fold degeneracy of ( 13 , ). For a single experiment with a given neutrino beam spectrum and a given detector at a fixed baseline distance, it is impossible to resolve these up to eight parameter degeneracies. Multiple measurements, or synergy of different experiments, are needed to resolve the degeneracies. An idea of the T2KK experiment is to use the same off-axis beam with two 0.5 Mton class water Cherenkov detectors at different baseline distances. One detector will be located at Kamioka with L $ 300 km. The other detector will be located in Korea with L $ 1000 km. Since the T2KK experiment will provide measurements with two different baseline distances, it is expected to have a capability of resolving some of the parameter degeneracies. In fact, it has been shown that T2KK can resolve mass hierarchy if sin 2 2 13 ) 0:01. 71) For this measurement, the baseline distance as long as 1000 km is essential because matter effects are needed. (Note that the T2K experiment with a baseline distance of $ 300 km is not sensitive to mass hierarchy.) Furthermore, T2KK has high sensitivity to CPviolation measurement and also to resolving 23 $ =2 À 23 degeneracy 72) if sin 2 2 13 is within the reach of the Phase-I T2K experiment.
If sin 2 2 13 ( 0:01, its measurement would be beyond the reach of the on-going projects (Phase-I T2K experiment and reactor experiments, etc.) Even super-beam experiments have a sensitivity down to sin 2 2 13 $ a few Â10 À3 . To enhance the discovery reach, advanced concepts of producing neutrino beams, ''neutrino factory'' and ''-beam'' facility have been proposed.
A neutrino factory 73) is an intense neutrino source based on a 20 -50 GeV muon storage ring. If 10 20 { 21 muons per year decay in the straight section of the ring, a very intense and highly collimated neutrino beam with well understood properties will be produced. The main modes of neutrino oscillations investigated with beams from the neutrino factory are e ! and " e ! " . If positive muons are accumulated, the poduced neutrino beam consists of " and e components. In the detector, the CC interactions of the beam " 's produce positive muons. On the other hand, negative muons are produced by the CC interactions of 's appeared in the beam due to e ! oscillations. Thus, the signal of neutrino oscillations is wrong-sign muons and very clean measurement is possible.
The concept of a -beam was proposed by Zuccelli. 74) In this scheme, " e or e beams can be produced from the beta decay of boosted ions; Fe e þ e . High-intensity radioactive ions can be produced, for example, at CERN ISOLDE. 75) After acceleration, they are stored in a storage ring having a long straight section. The resulting neutrino beam is strongly collimated, has wellknown energy spectrum and intensity, and contains a purely single neutrino flavor. For a recent review, see ref. 76 .
Experiments using the neutrino factory beam and thebeam will have remarkably good physics potential.
77) The sensitivities to the sin 2 2 13 measurement reach $10 À4 . For the CP-violation and mass hierarchy measurements, they have sensitivities down to sin 2 2 13 $ a few Â10 À4 .
Conclusions
In the last 10 years, our understanding of neutrino mass and mixing has advanced remarkably. Neutrino oscillations have been firmly established. Finite neutrino mass is the first evidence of physics beyond the Standard Model. The remarkably large mixing observed in the neutrino sector is strikingly different from the mixing in the quark sector.
In order to gain complete knowledge of the MNS matrix, future neutrino oscillation experiments should measure the last mixing angle 13 and the CP-violating phase , and determine the sign of Ám 2 32 . Measurement of the absolute neutrino mass scale and determining whether neutrinos are Majorana particles or Dirac particles are also very important goals of future neutrino experiments.
